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Abstract. The objective of this work is to study the water vapor sorption and surface energy properties of
thermally modified wood (TMW) components, ie wood processing residuals in the form of sawdust. The
thermal modification was performed on spruce wood components using a steam-pressurized laboratory-
scale reactor at two different temperature (T ) and relative humidity (RH) conditions, T ¼ 150°C and RH ¼
100% (TMW150), and T¼ 180°C and RH¼ 46% (TMW180). A dynamic vapor sorption (DVS) technique
was used to determine water vapor sorption isotherms of the samples for three adsorption-desorption cycles
at varying RH between 0% and 95%. Inverse gas chromatography (IGC) was used to study the surface
energy properties of the samples, including dispersive and polar characteristics. The DVS results showed
that the EMC was reduced by 30-50% for the TMW samples compared with control samples of unmodified
wood (UW) components. A lower reduction was, however, observed for the second and third adsorption
cycles compared with that of the first cycle. Ratios between EMC of TMW and that of UW samples were
lower for the TMW180 compared with the TMW150 samples, and an overall decrease in such EMC ratios
was observed at higher RH for both TMW samples. The IGC results showed that the dispersive contribution
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to the surface energy was higher at lower surface coverages, ie representing the higher energy sites, for the
TMW compared with the UW samples. In addition, an analysis of the acid-base properties indicated a higher
KB than KA number, ie a higher basic than acidic contribution to the surface energy, for all the samples. A
higherKB number was also observed for the TMWcompared with the UW samples, suggested to relate to the
presence of ether bonds from increased lignin and/or extractives content at the surface. The KB was lower for
TMW180 compared with TMW150, as a result of higher modification temperature of the first, leading to
cleavage of these ether bonds.
Keywords: Thermally modified wood, dynamic vapor sorption (DVS), inverse gas chromatography
(IGC), Norway spruce, surface energy, acid-base properties.
INTRODUCTION
Thermal modification of solid wood and the
resulting durability and dimensional stability
enhancements have been widely studied and
documented during the last decades (Hill 2006;
Esteves and Pereira 2009). Few studies have,
however, focused on thermal modification of
wood components, eg wood processing residuals
such as sawdust, grindings, or shavings. An idea
and main motive of this study is that such ther-
mally modified wood (TMW) components could
be interesting for use in wood plastic composites
(WPC); ie a value adding concept of wood re-
siduals, and with a potential to significantly en-
hance also the in-service properties of WPC such
as increased moisture resistance, dimensional
stability, and resistance against attack by mi-
croorganisms. Studies of thermal modification of
wood components for the use in particleboards
have been conducted by Paul et al (2006) and
Medved et al (2012); analyzing the effects on
dimensional stability, and also strength properties
(Andrade et al 2016). They reported lowered
hygroscopicity and increased dimensional sta-
bility as a result of the thermal modification.
Other studies by Weigl et al (2013) indicated
lowered water retention, reduced sorption iso-
therms (Hoffmeyer et al 2003), and minor vari-
ations in surface properties (Liu et al 1998) of
TWM, compared with unmodified wood (UW)
components and fibers. However, limited re-
search has been carried out on their water vapor
sorption properties, and none with additional
links to their surface energy properties.
Earlier studies of the water vapor sorption be-
havior of TMW have shown significant reduction
in hygroscopicity compared with UW controls,
eg for Scots pine (Engelund et al 2010; Hill et al
2012), Sitka spruce (Hill et al 2010; Endo et al
2016) and Norway spruce (Pfriem et al 2010;
Källbom et al 2016; Majka et al 2016). The
preferential thermal degradation of hemicellu-
loses, which contain the highest concentra-
tion of water-accessible hydroxyl groups among
the cell wall polymers (Runkel 1954; Runkel
and Lüthgens 1956), reduces the number of
water sorption sites in wood. Furthermore,
cross-linking reactions within the cell wall
matrix limit the access to the remaining sorption
sites (Tjeerdsma et al 1998). However, recent
studies (Hill et al 2012; Majka et al 2016)
evidenced the occurrence of a reversible reduc-
tion in hygroscopicity in addition to any irre-
versible changes. This conclusion was based
on the analysis of several adsorption-desorption
cycles for TMW using a so-called dynamic va-
por sorption (DVS) technique or different rela-
tive humidity (RH) conditions controlled by salt
solution, showing a decrease of sorption hyster-
esis comparing the first with the second sorption
cycle. Annealing and ultra-structural re-
alignments of amorphous polymers by high-
temperature drying above their softening point
have been suggested as a potential cause.
Thereby, the amorphous cell wall matrix retains
a certain amount of internal stresses after modi-
fication, which can be relaxed by exposure to high
RH or water-soaking at room temperature (Altgen
and Militz 2016; Endo et al 2016).
Analysis of the surface characteristics of wood
components, such as surface energy and acid-
base properties, can provide important informa-
tion needed for the design of composite materials,
and understanding of the interaction between
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glues, coatings, and also other wood components.
These properties have often been studied using
contact angle measurements, suitable for analysis
of solid wood products. For the examination of
wood components, such as particles or fibers, an
advantageous approach is to use inverse gas
chromatography (IGC). This technique is based
on interactions between the component material,
with unknown properties, and various nonpolar
and polar vapor probes with known properties.
The surface energy properties are related to the
surface chemical composition, eg functional
groups or extractives present at the surface
(Tshabalala 1997). Several studies have applied
the IGC technique to study the surface energy
properties of milled wood components, ie wood
flour (Kamdem et al 1993; Tshabalala 1997; Liu
et al 1998; Wålinder and Gardner 2000, 2002;
Peterlin et al 2010; Cordeiro et al 2012). The
results from these studies provide single values of
the surface energy, representing the highest en-
ergy sites of the surface based on very low solute
concentration. A recently developed approach
(Thielmann et al 2007) enables IGC measure-
ments from higher to lower energy sites, char-
acterizing the surface energy heterogeneity. This
approach has been used in recent studies for
analysis of the dispersive part of the surface en-
ergy; showing increased values for TMW com-
ponents compared with UW (Källbom et al 2015),
increased values for increased refiner pressure
(from 4 to 8 bar) on wood fibers (Ormondroyd
et al 2017), effects on extraction of TMW strips
(Källbom et al 2018), and analysis of various
natural fibers (Legras et al 2017). Analysis of
the acid-base properties of wood components
have been performed in earlier IGC studies
(de Meijer et al 2000; Wålinder and Gardner
2002; Cordeiro et al 2012), showing a dominant
basicity.
Thermal modification of wood has often been
performed at atmospheric pressure together with
superheated steam where volatile degradation
products are allowed to evaporate, and severe
drying takes place (Militz and Altgen 2014). The
modification process can also take place in
a closed reactor system, which accelerates thermal
degradation and enables the regulation of the
water vapor pressure and the RH during the
modification process (Willems et al 2015; Altgen
et al 2016c). Altgen et al (2016c) showed for
European beech (Fagus sylvatica L.) wood that
the mass loss (ML) obtained in a closed reactor
system is a function of the maximum vapor pres-
sure, and less dependent on the peak temperature
(180°C) applied. This was explained by ele-
vated wood MC and the accumulation of car-
boxylic acids (ie acetic acid) within the wood that
catalyzed the thermal degradation of wood at low
temperature and high vapor pressure regimes.
By contrast to thermal modification of solid wood,
the focus of this work is to study the possibilities
for thermal modification of wood components
such as processing residuals. The specific objective
of this work is to study the water vapor sorption
and surface energy heterogeneity and acid-base
properties of TMW from spruce, in this case in the
form of sawdust, using a steam-pressurized reactor
normally used for thermal modification of solid
wood. These properties can give valuable infor-
mation and increased understanding of the inter-
action betweenwood components and eg polymers
in a composite material.
MATERIALS AND METHODS
Materials
Norway spruce (Picea abies Karst.) sawdust, orig-
inating from a circular saw process, and hereafter
called wood components, were collected at Karl
HedinAB sawmill inKrylbo in central Sweden. The
wood components were dried for 2 da in a con-
vection oven with a temperature of 40°C, reducing
the initial moisture content (MC) from about 54%
to about 10%. The wood components were then
sifted into different fractions and the size fraction
between 18 and 10 mesh (>1.0 and <2.0 mm),
giving about 70 g, subsequently used in this study.
Thermal Modification
Thermal modification of the UW components was
performed using a steam-pressurized laboratory-
scale treatment reactor (Willems 2009), where
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the temperature, pressure, and RH could be
regulated. The reactor consisted of a 65-l stainless
steel vessel, connected to a water reservoir and
a gas washer, controlled by exhaust valves. The
thermal modification process included five dif-
ferent steps; 1) application of a prevacuum (ca.
14 kPa); 2) holding step at 50°C for 50 min; 3)
temperature increase (12°C/h) to the peak tem-
perature; 4) holding step at peak temperature for
120 min at 0.47 MPa; 5) temperature decrease
(20°C/h) until reaching a pressure of 0.1 MPa.
The RH was kept constant throughout the modi-
fication process by regulating the pressure in the
reactor via an increase in temperature in the water
reservoir or by a release of pressure using the
exhaust valves. Two different thermal modification
processes were executed using two different peak
temperature (T) and RH conditions, while applying
the same constant maximum pressure of 0.47MPa;
resulting in two different TMW component sam-
ples: 1) TMW150 (T ¼ 150°C, RH ¼ 100%) and
2) TMW180 (T¼ 180°C, RH¼ 46%). About 10 g
was prepared for each modification. The regulated
RH is described in Eq 1.
RH ¼ Pvap
PsatðTÞ $100%; (1)
where Pvap is the water vapor pressure and Psat(T)
is the temperature-dependent saturated water vapor
pressure. The MC was determined before and after
the thermal treatment, see Table 2. The extractives
content of the wood samples (Table 2) was de-
termined with hot-water extraction, where dupli-
cates of about 3 g of dried wood components (dried
overnight at 103°C) were extracted with 200 mL
distilled water for 6 h using a Soxhlet apparatus.
The amount of water-extractable compounds was
determined by measuring the difference in dry
weight before and after extraction. In addition, the
pH of the water solutions were measured after hot-
water extraction (Table 2).
DVS
Water vapor sorption isotherms of the UW,
TMW150, and TMW180 samples, about 20 mg
each, were determined using a DVS apparatus
(DVS advantage; Surface Measurement Systems
Ltd., London, UK). Sorption isotherm measure-
ments, ie determination of the EMC vs the RH for
adsorption and desorption, started at 0% RH
followed by the holding steps: 5%, 20%, 35%,
50%, 65%, 80%, and 95% RH. The RH was kept
constant until a change in sample weight
<0.002%/min over a 10 min period, which in-
duced a progression to the next RH level.
Thereafter, the corresponding desorption mea-
surements were performed reversing back to 0%
RH with the same holding steps. The same pro-
cedure was performed in three cycles and the
temperature was kept constant at 25°C. The EMC
ratio was calculated by relating the EMC of the
TMW samples to the EMC of the UW sample at
each RH step. A more detailed description of the
DVS methodology has been previously published
(Hill et al 2012).
IGC
Theory. The surface energy (γs) of a solid (s)
material can be divided into a physical part (γds ),
also called the nonpolar or dispersive part, and
a chemical part (γABs ), also called the polar or
specific part (see Eq 2). Determination of the dis-
persive part of the surface energy can be performed
by injecting various nonpolar n-alkanes whereas the
polar part can be determined indirectly from the
specific energy of various polar probes.
γs ¼ γds þ γABs ; (2)
The surface property calculations are based on the
net retention volume (VN) of injected gas probes,
which is dependent on the time of interaction
between these gas probes and the solid surface.
As the VN is corrected for the dead volume (which
is the dead time of a noninteracting probe trav-
eling through the sample column), it can be de-
scribed by Eq 3:
VN ¼ jm $F $ ðtr  t0Þ $
T
273:15
; (3)
where j is a correction factor related to pressure
drop, m is the mass of the solid sample, F is the
carrier gas flow rate, tr and t0 are the retention
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time and retention time of dead volume mea-
surement, and T is the operating temperature. The
new generation IGC approach is based on finite
dilution conditions, allowing the determination
of a heterogenous character of the surface by
sorption measurements at different surface cov-
erages (n/nm). This is regulated by the partial
vapor pressure to finite concentration dilution,
where the gas probes are injected at various
concentrations. Two common approaches for
determination of the surface energy using IGC are
the Schultz method (Schultz et al 1987) and the
Dorris-Gray method (Dorris and Gray 1980). The
Schultz method enables for determination of
the dispersive and polar part of the surface en-
ergy, using the free energy of adsorption ΔGa
(Fowkes and Mostafa 1978; van Oss et al 1988):
ΔGa ¼ ΔGda þΔGABa ; (4)
where ΔGda and ΔGABa describe the free energy of
adsorption for the dispersive and polar parts,
respectively. For analysis of the dispersive part
of the surface energy, ΔGda is further described in
Eq 5 as:
ΔGa ¼ ΔGda ¼ R $T $ lnðVNÞþC; (5)
where R is the universal gas constant, and C is
a constant related to the reference state. The ΔGa
can be combined with the work of adhesion (Wa)
for nonpolar alkane probes, giving the following
correlation (Dorris and Gray 1980):
ΔGa ¼ N$a$Wa; (6)
where a is the cross-sectional area of the probe
and N is the Avogadro number. Wa is described
by Eq 7, including a mean of the dispersive
surface tension of the alkane probe in liquid (l)
form and the dispersive component of the surface
energy of the solid.
Wa ¼Wda ¼ 2
ffiffiffiffiffiffiffiffiffiffiffi
γds $γdl
q
; (7)
where γdl is the dispersive part of the surface
tension for the alkane probe in liquid form. The
dispersive part of the surface energy with the
Schultz method approach can then be obtained
according to Eq 8, from plotting R$T$lnðVNÞ as
a function of a
ffiffiffiffiffiffi
γdl
q
, giving a linear correlation of
the alkanes, see Figure 1.
γds ¼
1
4$γdl

R$T$lnðVNÞ
N$a
2
; (8)
For determination of the polar part of the surface
energy, the specific free energy of adsorption for
the various polar probes is measured. These are
found above the linear line of the alkanes (see Fig
1) using the Schultz approach and can be
expressed according to Eq 9 as:
ΔGABa ¼ 

ΔGa ΔGda
¼R$T$ln

VN
VN;ref

;
(9)
where VN is the retention volume of a polar probe
and VN;ref the retention volume of a hypothetical
nonpolar probe with the same
ffiffiffiffiffiffi
γdl
q
as that of the
polar probe. The acceptor-donor properties can be
determined from the acid-base properties in-
cluding the KA and KB numbers according to the
Gutmann method (Gutmann 1978) and based on
the approach of Saint Flour and Papirer (1982)
using ΔGABa (valid for a certain temperature)
instead of ΔHABa . This can be obtained by
measuring the specific free energy of adsorption
Figure 1. Schematic illustration of the Schultz method
showing the retention volume vs the molecular descriptor for
determination of the dispersive and the polar part of the
surface energy using a series of nonpolar and polar probes.
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for the different polar probes, obtained from the
retention volume as can be seen in Eq 10.
ΔGABa ¼DN$KA þANp$KB; (10)
where DN is the donor number of the polar probes
and ANp is the acceptor number.
For determination of the dispersive part of the
surface energy using the Dorris-Gray method, see
Källbom et al (2015).
IGC Measurements
IGC was used to determine the physicochemical
properties of the wood components, in terms of
surface area, surface energy heterogeneity, and
acid-base properties. The equipment used was
a surface energy analyzer (SEA) from Surface
Measurements Systems (SMS Ltd., Alperton,
London, UK). The components were initially
dried in a ventilated conventional oven for 1 h at
103°C and then packed into silanized glass col-
umns (length 300 mm and inner diameter 4 mm)
and fixated at both ends with silanized glass wool.
The sample mass was about 200 mg and the
packing density about 0.13–0.14 g/cm3 for all the
samples. The sample columns were precondi-
tioned in the IGC apparatus for 2 h at 30°C and
0% RH to remove volatiles. Purified helium was
used as the carrier gas (flow rate 10 mL/min) and
methane was used to determine the dead volume.
In the first part of the analysis, the BET (Brunauer
Emmet Teller) specific surface area was de-
termined, which was further required as input
data for the surface energy analysis. The theory
behind the BET specific surface area is de-
scribed in Källbom et al (2015). The BET spe-
cific surface area was determined from octane
sorption isotherms in the partial pressure range
5-35% using three sample column replicates. The
solvent probes used for analysis of the surface
energetics included various n-alkanes; octane,
nonane, decane, and undecane for the dispersive
part and acetone, acetonitrile, dichloromethane,
and ethyl acetate for the polar part. Properties of
the various solvent probes can be found in Table 1.
The nonpolar probes were supplied by Sigma-
Aldrich, and the polar probes by Sigma-Aldrich
and Fluka Analytical. The experiments were con-
ducted at 30°C and 0% RH. In this work, the
Dorris-Gray method was used for analysis of the
dispersive part, and the Schultz method was used
to determine the acid-base properties.
RESULTS AND DISCUSSION
Thermal Modification
The ML and MC of the two TMW samples
(TMW150 and TMW180) can be seen in Table 2.
The ML was higher for TMW180 compared with
TMW150, indicating that the peak temperature
was the most crucial process parameter to deter-
mine thermal degradation. This contradicts a pre-
vious study on European beech wood modified in
the very same treatment reactor, which showed that
ML increased as a function of the maximum
pressure applied, further indicating a low correla-
tion to the peak temperature (Altgen et al 2016c). In
line with Altgen et al (2016c), a higher wood MC
was recorded for TMW150 than for TMW180 at
the end of the process. Although the presence of
water catalyzes thermal wood degradation (Borrega
and Kärenlampi 2008), the differences in MC were
presumably too small to compensate for the lower
peak temperature applied.
However, what sets this study apart from the
previous study, besides the different wood spe-
cies studied, is the sample size and the total
amount of wood being treated in the reactor.
Altgen et al (2016c) used solid samples (35 65
800 mm3) with a total of more than 9 kg wood per
Table 1. Properties of the nonpolar and polar inverse gas
chromatography probes used.
Probe a (Å2)a γDL (mJ/m
2)b AN*c DNc
n-octane 63 21.1
n-nonane 69 22.4
n-decane 75 23.4
n-undecane 81 24.2
Acetone 34 22.7 2.5 17.0
Acetonitrile 21 28.7 4.7 14.1
Dichloromethane 25 39.4 3.9 0.0
Ethyl acetate 33 23.4 1.5 17.1
a The surface area that can be occupied by one probe molecule (Liu et al
1998).
b The surface tension of the probe liquids at 25°C (Lide 1995).
c AN*, acceptor number; DN, donor number (Gutmann 1978).
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treatment. This lead to a considerable formation of
carboxylic acids (ie acetic and formic acid) and
other degradation products that accumulated in the
wood preferentially under low temperature and
high-pressure regimes to facilitate wood degrada-
tion. In the current study, only a few grams of wood
components were treated in the reactor. The lower
amount of wood severely decreased the concen-
tration of carboxylic acid (ie acetic and formic acid)
present in the treatment vessel, whereas the smaller
size presumably facilitated the vaporization of
degradation products because of a higher surface to
volume ratio of the components compared with
solid wood. This is in line with the results of the
Soxhlet extraction (Table 2), that showed a decrease
in hot-water extractives compared with the refer-
ence and no considerable pH difference between the
two treatment conditions. The results indicate that
themodes of action involved in thermal degradation
of solid wood in a closed reactor system cannot be
directly transferred to the thermal modification of
the wood components used in this study.
Sorption Properties
Figure 2 shows the water vapor sorption isotherms
for three adsorption-desorption cycles of the UW,
TMW150 and TMW180 resulting from the DVS
measurements. As can be seen, the sorption iso-
therms of UW followed the normal type II sorption
isotherm and were similar for all the three sorption
cycles. As expected, Figure 2 also shows that the
thermal treatment significantly reduces the EMC
of TMW in comparison with the UW samples.
For the first cycle, the EMC was reduced about
30-40% for TMW150 and about 30-50% for
TMW180 in relation to UW. Differences between
the first and subsequent cycles for both TMW150
and TMW180 could also be observed. In both
cases, a noticeable different adsorption curve, ie
lower EMC values, were seen for the first cycle
compared with the following two cycles. This in-
dicates that a part of the EMC reduction effect
resulting from the thermal treatment is reversible
because of moisture sorption, in line with Hill et al
(2012) and Majka et al (2016). Stronger drying
Table 2. Mass loss (ML) and moisture content (MC) of the two thermally modified wood (TMW) component samples
(TMW150 and TMW180), and the MC of the unmodified wood (UW) component before thermal modification, together with
content of water soluble extractives determined by Soxhlet extraction with hot-water and pH of the water extract.
Sample Peak modification temperature (°C) Maximum pressure (MPa) ML (%) MC (%) Extractives (%) pH
UW — — — 4.9 (0.0) 5.4 5.6
TMW150 150 0.47 2.6 (0.4) 4.3 (0.0) 4.4 4.9
TMW180 180 0.47 4.0 (0.5) 1.6 (0.2) 4.8 4.7
Figure 2. Water vapor sorption isotherms presented as equilibrium moisture content (EMC) vs relative humidity (RH) for
three adsorption-desorption cycles for samples of unmodified wood (UW) components and two different thermally modified
wood components and treated at T ¼ 150°C and RH ¼ 100% (TMW150), and at T ¼ 180°C and RH ¼ 46% (TMW180),
respectively. One three-cycle measurement per sample (20 mg) was performed. TMW, thermally modified wood.
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during the modification process for the TMW180
than for TMW150, evident from a lower MC
recorded after the thermal modification process
(Table 2), resulted in a larger reversible part of the
EMC reduction. This supports earlier observations
that the EMC reduction is not fully irreversible,
and that this is related to high-temperature drying
during the modification process (Altgen andMilitz
2016; Endo et al 2016).
Figure 3 shows the EMC of TMW150 and
TMW180 related to that of UW, which is called
EMC ratio. An EMC ratio less than one indicates
a decrease in EMC by the thermal modification
process, and the effectiveness in reducing the EMC
by thermal modification increases with decreasing
EMC ratio. For the first adsorption cycle, the EMC
ratio decreased as a function of RH for low RH
values, but increased higher than 80% and 60%RH
for TMW150 and TMW180, respectively. The
explanation for this behavior may be attributed
to the softening of hemicelluloses, which starts
above 60% RH (Engelund et al 2013). Softening
of amorphous polymers, together with increased
swelling could, therefore, cause relaxation of drying
stresses retained in the cell wall matrix, thereby
removing the drying-related reduction in EMC
(Altgen and Militz 2016; Endo et al 2016).
The EMC ratio and sorption isotherms of TMW150
and TMW180 remained virtually unchanged
between the second and third sorption cycle. Es-
pecially at low RH levels, the EMC reduction was
larger for TMW180 than for TMW150, in line with
a higher ML for the former. Nevertheless, it is
disputable if all drying-stresses are released by
water vapor exposure in the DVS, and if the EMC
reduction in the second and third cycle is solely
based on irreversible chemical changes induced by
thermal modification. In a study on the effect of
wood drying on hydroxyl accessibility, it was dem-
onstrated recently that full reaccessibility of hydroxyl
groups is only achieved by vacuum-impregnation
with liquid water (Engelund Thybring et al 2017).
Interestingly, however, the EMC ratios of TMW150
and TMW180 further decreased with increasing RH
during the second and third cycle of DVS mea-
surements. A similar behavior has been observed for
wood that is modified with cross-linking agents
(Himmel and Mai 2015). For thermally modified
Scots pine sapwood, the decrease in EMC ratio with
increasing RH has been assigned to the formation of
covalent bonds and cross-links by repolymerisation
reactions under dry heat-conditions that hinder the
creation of sorption sites by expansion of nanopores
(Altgen et al 2016b).
Surface Properties
The BET specific surface area were similar for the
three different samples, but with a somewhat
Figure 3. EMC ratio of TMW150 and TMW180 related to unmodified wood (UW) calculated from the results in Figure 2, the
solid lines with filled symbols represent the EMC ratio for adsorption. The dashed lines with open symbols represent EMC
ratio for desorption. TMW, thermally modified wood.
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higher value for the UW (1.75  0.6 m2/g)
compared with TMW150 (1.6  0.5 m2/g) and
TMW180 (1.3 0.0 m2/g). The results are in line
with results from previous studies of unmodified
and thermally modified spruce components
(Källbom et al 2015) and unmodified spruce
particles (Cordeiro et al 2012).
Figure 4 shows the dispersive surface energy
heterogeneity for UW, TMW150, and TMW180.
The results indicated an increase in the dispersive
part of the surface energy as a result of thermal
modification, implying a less hydrophilic char-
acter of the TMW samples. This is further sup-
ported by the chemical changes caused by the
modification process, eg degradation of hemi-
cellulose and softening and reorientation of the
lignin giving the surface a more hydrophobic
character (Sivonen et al 2002; Hill 2006). Higher
thermal modification temperature (180°C) seemed
to have more influence on the dispersive part of the
surface energy than lower thermal modification
temperature (150°C), comparing TMW180 and
TMW150 in Figure 4. The highest value obtained
at the lowest fractional surface coverage 1%
(n/nm
1 ¼ 0.01) was about 39.0 for UW mJ/m2
and about 40.0 and 41.5 mJ/m2 for TMW150
and TMW180, respectively. These results are in
agreement with previous IGC studies on spruce
components milled after thermal modification,
with the maximum dispersive part of the surface
energy about 44 mJ/m2 for TMW and about
40 mJ/m2 for UW samples (Källbom et al 2015).
The larger difference between the UW and TMW
samples in the latter study compared with this
one is probably related to the higher modification
temperature used (higher than 200°C). Another
issue related to changes in surface properties
is the migration of extractives to the surface
(Kazaywoko et al 1997; Nuopponen et al 2003;
Šernek et al 2004; Källbom et al 2015). Other
studies of UW components from spruce showed
similar results to this study; 42mJ/m2 (Wålinder and
Gardner 2000; Peterlin et al 2010) and 41 mJ/m2
(Cordeiro et al 2012). In previous studies of the
surface energy of TMW from spruce determined
by contact angle measurement, the dispersive part
of the surface energy was increased, whereas the
polar part was decreased with thermal modifica-
tion temperature (Kutnar et al 2013; Altgen et al
2016a). Similar results were obtained for TMW
pine (Gérardin et al 2007), and aspen (Populus
tremula) and grey alder (Alnus incana) (Sansonetti
et al 2013).
The acid-base properties are shown in Figure 5 as
KA and KB numbers using the Gutmann approach,
calculated from the specific free energy of ad-
sorption of the polar probes. The KA was lower
than the KB for all the samples; however, no clear
difference was observed among the different sam-
ples in terms of acidity (KA). The KB, on the other
hand, showed the highest values for TMW150,
followed by TMW180 and UW samples. These
results imply that mainly basic sites were involved
in the adsorption process, ie surface functional
groups with electron-donating properties. It is
known that most wood species show a significantly
higher base than acid number (de Meijer et al
2000). This is related to the basicity of lignin
and the electron donor behavior of oxygen of its
ether and carbonyl bonds (Mukhopadhyay and
Schreiber 1995; Shen et al 1999; Riedl and
Matuana 2006). About 35-70% of the linkages
in the lignin biopolymer macromolecule are ether
bonds (Klapiszewski et al 2017). The higher
Figure 4. Surface energy profiles showing the dispersive
part (γd) of the surface energy vs the fractional surface
coverage for the unmodified (UW), and thermally modified
(TMW) samples (TMW150 and TMW180). The results are
based on three replicates per sample.
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dominant basicity of the TMW samples in this
study could be related to the ether bonds in lignin
and/or extractives (Tshabalala 1997), as a result
of a relative increase of lignin and extractives at
the surface caused by the thermal modification
(Källbom et al 2016). At modification tempera-
tures around 200°C (Fengel and Wegener 1984),
these ether bonds will be cleaved. That might be
the reason for lower KB numbers for TMW180
than for TMW150, where the latter one didn’t
reach temperatures high enough for ether bond-
cleavage. Another reason could be related to
depolymerization and repolymerization reactions,
occurring at higher temperatures, leading to
restructuring of lignin (Li et al 2007). With in-
creasing temperature, lignin (Nuopponen et al
2004) and also extractives will be more easily
extractable from the wood material. The acid-base
numbers of UW are similar to those observed by
earlier studies on UW from spruce: KA ¼ 0.08;
KB¼ 0.33 (Cordeiro et al 2012), and maple:KA¼
0.15; KB ¼ 0.34 (Wålinder and Gardner 2002).
CONCLUSIONS
Water vapor sorption and surface energy prop-
erties of wood components (sawdust) are affected
by thermal modification process conditions. As
expected, the water vapor sorption properties
were reduced for the TMW compared with UW
samples with about 30-50% and a noticeable re-
versible reduction of the adsorption curve could
further be seen for the first cycle compared with the
subsequent cycles for the TMW samples. In ad-
dition, a smaller EMC ratio was observed for the
adsorption of the TMW180 (T ¼ 180°C, RH ¼
46%) compared with the TMW150 (T ¼ 150°C,
RH ¼ 100%). The EMC ratio in the second and
third sorption cycle decreased with increasing RH
which could be caused by the formation of covalent
bonds and repolymerization cross-linking re-
actions. The surface energy analysis indicated an
increase of the dispersive part of the surface energy
with increasing thermal modification temperature.
The results from the acid-base properties showed
a dominant basicity for all the samples with the
highest base numbers (KB) for TMW150, followed
by TMW180 and UW. The higher KB for TMW
was probably related to ether bonds from increased
lignin and/or extractives content at the surface. The
KB for TMW180 was lower than for TMW150,
because of a higher thermal modification temper-
ature of the first one, resulting in cleavage of the
ether bonds. The results contribute to increased
knowledge about water vapor sorption and surface
properties of wood components after thermal
modification. This information is useful for the
understanding of the interaction between various
wood components or prediction of their behavior in
composite materials.
ACKNOWLEDGMENTS
The COST Action FP1303 “Performance of Bio-
based Building Materials” is greatly acknowl-
edged for the support in the form of a short-term
scientific mission (STSM). Financial support is
further acknowledged from the Swedish Research
Council Formas (project EnWoBio 2014-172).
REFERENCES
Altgen M, Militz H (2016) Influence of process conditions
on hygroscopicity and mechanical properties of European
beech thermally modified in a high-pressure reactor sys-
tem. Holzforschung 70(10):971-979.
Altgen D, Avramidis G, Viöl W, Mai C (2016a) The effect of
air plasma treatment at atmospheric pressure on thermally
modified wood surfaces. Wood Sci Technol 50:1227-1241.
Figure 5. The acid (KA) and base (KB) numbers vs the frac-
tional surface coverage for the unmodified (UW), and thermally
modified (TMW) samples (TMW150 and TMW180). The re-
sults are based on three replicates per sample.
Källbom et al—THERMALLY MODIFIED SPRUCE WOOD COMPONENTS 355
Altgen M, Hoffmann T, Militz H (2016b) Wood moisture
content during the thermal modification process affects the
improvement in hygroscopicity of Scots pine sapwood.
Wood Sci Technol 50:1181-1195.
Altgen M, Willems W, Militz H (2016c) Wood degradation
affected by process conditions during thermal modification
of European beech in a high-pressure reactor system. Eur
J Wood Wood Prod 74(5):653-662.
Andrade PI, de Oliveira Araújo S, Neiva DM, Vital BR, de
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WålinderMEP, Gardner D (2002) Acid-base characterization
of wood and selected thermoplastics. J Adhes Sci Technol
16(12):1625-1649.
Willems W (2009) Novel economic large-scale production
technology for high-quality thermally modified wood.
Pages 31-35 in Proc. 4th European Conference on Wood
Modification, April 27-29, 2009, Stockholm, Sweden.
Willems W, Altgen M, Militz H (2015) Comparison of EMC
and durability of heat treated wood from high versus low
water vapour pressure reactor systems. Int Wood Prod J
6:21-26.
Källbom et al—THERMALLY MODIFIED SPRUCE WOOD COMPONENTS 357
